In this study, we assess quantitative soil loss in the Himalayan ecosystem of Uttarakhand, India using universal soil loss equation and geographic information system. The analysis shows that about 359,000 (6.71%), 473,000 (8.84%) and 1,750,000 ha (32.72%) area is under moderately severe (15-20 tonne ha -1 year -1 ), severe (20-40 tonne ha -1 year -1 ) and very severe (40-80 tonne ha -1 year -1 ) soil loss respectively. It clearly indicates that about 48.3% area of the state is above the tolerance limit of 11.2 tonne ha -1 year -1 of soil loss. This explains the need to undertake appropriate soil and water conservation measures to mitigate the topsoil loss in this fragile Himalayan ecosystem. Based on the degree of severity of soil loss, appropriate soil and water conservation measures need to be adopted on priority basis. The agriculture practices should be diversified with farm-forestry, agro-horticulture and/or agro-forestry to minimize soil loss in cultivated areas of the state. Such conservation programmes help mitigate accelerated soil erosion, restore the fragile ecosystems and generate employment opportunities for the needy.
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SOIL erosion due to water is the major factor responsible for degradation of land resources. The loss of topsoil resulting in reduced productivity is a serious degradational hazard in the Indian subcontinent. Water erosion in the form of topsoil loss or terrain deformation, or both, is a widespread form of degradation and occurs in almost all agro-climatic zones of India. Mandal and Sharda 1 reported that soil erosion due to water is one of the major factors contributing to land degradation not only in India, but also in many other countries. It was reported that very high rate of soil erosion to the tune of 30-40 tonne ha −1 year −1 occurs in Asia, Africa and South America 2 . Further, it was reported that the average rate of soil loss is about 138 tonne ha −1 year −1 in Asia 3 . In the humid tropics of Asia, farmers generally grow subsistence crops in sloping terrain using highly erosive practices. Dhruvanarayana and Ram Babu 4 have reported that about 16.4 tonne ha -1 year -1 of topsoil is eroded annually in India out of which 29.0% is lost to the seas, 10.0% gets deposited in the reservoirs and the remaining 61.0% gets displaced from one location to another. The detrimental impacts of extensive soil erosion have been recognized as a severe problem for human sustainability as they create farreaching impact on soil degradation, crop production, hydrological systems, water quality and environment 5 . Mahapatra et al. 6 used GLASOD methodology to assess soil degradation status of Jammu and Kashmir covering Trans, Greater and Lesser Himalayan region. However, this approach was lacking in quantitative estimation of soil loss. An understanding of nature, intensity and extent of soil erosion is, therefore, essential to protect the land resources for sustainable crop production. The integrated use of geographic information system (GIS) and universal soil loss equation (USLE) has been proved to be an efficient approach for the severity and spatial distribution of erosion [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The empirical method of USLE was used extensively to predict the severity and spatial distribution of soil erosion in India [17] [18] [19] [20] [21] [22] [23] . Uttarakhand, India is bestowed with highly diversified topography; this includes snow-covered peaks, perennial to seasonal glaciers, deep valleys, perennial streams and lakes. The northern states of India in general and Uttarakhand in particular have severe problems of water erosion because of high rainfall, weak geological formations, active seismicity and uncontrolled deforestation. Deforestation, burning, clearing and dibbling of seeds alone cause about 4.1 tonne ha -1 year -1 of soil material to roll down towards foothills due to steep to very steep slopes. Experimental results have shown that soil erosion from hill slopes (60%-70%) during the first, second and third year is 146.6, 170.2 and 30.2 tonne ha -1 year -1 respectively 24 . Based on the assessment of soil loss in 
Materials and method

Study area
Uttarakhand lies between of 2843-3127N lat. and 7734-8102E long in the northern part of India with a total geographical area (TGA) of 5,348,000 ha ( Figure 1 ). The state can be divided into two distinct physiographic regions, namely the hill region, that covers a major portion, and a narrow belt of Bhabhar and Tarai regions in the foothills of the Himalaya. The elevation of the hilly terrain in the state ranges from 200 m to a series of snowcovered peaks of more than 6000 m amsl. Broadly, there are six sub-divisions in the state, namely Greater Himalaya, Lesser Himalaya, Shiwalik hills, piedmont plains, Tarai plains and alluvial plains. Uttarkhand can be divided into several physiographic zones which run parallel to each other from the northwest to southeast direction. Although geological investigations have been made in many parts of the Himalayan mountain, its large tracts are still unexplored. As evident from the various studies, the state can be divided into three broad stratigraphical zones, namely (i) Outer or Sub-Himalayan zone with the sediments of Tertiary age, (ii) Central or Lower Himalayan zone, mainly composed of granite and crystalline rocks of unfossiliferous sediments, and (iii) Higher Himalayan zone with a series of highly fossiliferous sediments. The foothill belt of the region is entirely made up of Siwalik sediments. The Siwaliks constitutes thickness of detrital rocks, clays and conglomerates. The climate of Uttarakhand can be characterized as temperate with distinct seasonal variations in temperature and affected by tropical monsoons. January is the coldest month with daily temperatures below freezing in the northern part of the state, whereas, July is the hottest month in the north with the daily temperatures rising from 7C to about 21C. However, May is the warmest month in the southeast with daily temperatures normally reaching about 38C from a low of around 27C. The state experiences a monsoonal climate with mean annual rainfall of 1606 mm. The southwest monsoon brings majority of the state's annual precipitation during July to September. Based on the variation in climate, landform and soil, the state has been divided into six distinct agroecological sub-regions 25 . The drainage system of the state can be divided into three main river systems, namely the Ganga, Yamuna and Kali. Major part of the region is drained by the Ganga river system. About 60% area of the state is covered by forest, whereas net sown area is only 0.14% and net irrigated area is 0.06%. Due to stony nature of land, crop cultivation is mainly undertaken in the river valleys and terraced slopes only. Piedmont plain covers nearly one-third of total arable land in the state. The foothills region is covered by Bhabhar and further down is the Tarai zone, which mainly covers the districts of Udham Singh Nagar, Haridwar and parts of Nainital, where intensive agriculture is practised. Uttarakhand has been characterized by various types of soil and all are susceptible to erosion. In the northern region of the state, soil ranges from gravel to stiff clay, whereas in the southern part, soils are shallow, gravelly and rich in organic matter. In the Bhabhar region, soils are coarse-textured, sandy to gravelly, highly porous and largely infertile. However, Tarai soils in the extreme southeastern part of the state are mostly clay loam, mixed with fine sand and humus. Moderately acidic soils in the state cover about 1,183,000.6 ha (22.2% of TGA), whereas slightly acidic soils cover an area of 2,300,000.6 ha accounting for about 43.1% of TGA 26 . The soils and climatic condition of the state are suitable to grow different types of agricultural crops. Rice, wheat, barley, maize and millets (kodo millet, finger millet, proso millet, barnyard millet) are the important food-grain crops grown in the state. Green gram, black gram, French bean, horse gram, lentil and peas are the major pulse crops.
Methodology
In the planning and implementation of soil and water conservation measures, it is desirable to have a quantitative estimate of soil erosion that would occur under a particular situation of crop, treatment and landscape. Soil loss prediction methods have been developed from impetus of plot experiments conducted in the United States. Systematic study on soil loss prediction from agricultural field was started in the US during the first half of the last century. Zingg 27 reported the relationship between soil loss and slope length. Musgrave 28 reported the first approximation of quantitative evaluation of water erosion factors. It is similar to the present-day USLE. Subsequently, with more comprehensive soil and landuse database, USLE was developed and later refined by Wischmeier and Smith 29, 30 . Factors like rainfall erosivity, soil erodibility, topography, vegetative cover, and management and conservation practices affect soil erosion. Erosion due to water takes place in the form of sheet, rill and gullies. Sheet erosion predominantly takes place on sloping lands due to overland flow activity. Where overland flow concentrates, rills form (incipient gully) of erosion takes place. The excess concentrates of flow lead to gully erosion. On decreasing slopes of overland flow, eroded materials get deposited. Total erosion in the form of sheet, rill and gullies is considered as gross erosion. Sheet and rill erosion from a unit area of a field at a specified slope is defined as soil loss. The sediment flowing out of the area outlet is called sediment yield. It is deposition subtracted from gross erosion. The process of soil transport and deposition is complex. Several models based on a large number of parameters and input variables have been used to estimate soil loss and sediment yield.
Universal soil loss equation
The empirical model of USLE is used for the prediction of long-term average annual soil loss from a specified field area in specified cover and management conditions. The equation predicts the severity of soil loss due to sheet and rill erosion for a given site as a product of six factors. The USLE of soil loss is described as:
where A is the soil loss per unit area expressed (tonne ha -1 year -1 ), R the rainfall erosivity factor (the number of rainfall erosion index units for a particular location), K the soil erodibility factor (soil loss rate per erosion index unit measured on a unit plot of 22.13 m (72.6 ft) length supposed to have uniform 9% slope continuously in clear-tilled fallow), L the slope length factor (ratio of soil loss from the field slope length to that from a 22.13 m (72.6 ft) length under identical conditions), S the slope steepness factor (ratio of soil loss from the field slope gradient to that of a 9% slope under otherwise identical conditions), C the cover and management factor (ratio of soil loss from an area with specified cover and management to form an identical area in tilled continuous fallow), and P the conservation practice factor (ratio of soil loss with a support practice like contouring, strip-cropping, or terracing to that with straight-row farming up and down the slope).
Using the average conditions, the parameters of USLE were estimated at a particular grid area (10,000 ha). Limitations arising due to averaging of the parameters are in-built in the empirical formula itself. The USLE model was extensively used to assess soil erosion in varied terrain conditions of different states like Gujarat 19 , Maharashtra 18 , Orissa 23 , Tripura 17 and in West Bengal 20 .
Rainfall erosivity factor
Rainfall erosivity (R) is defined as an aggregate measure of the amount and intensity of individual rainstorms over a year and is related to total rainfall [31] [32] [33] . In the present study, the annual total value of erosion index (EI) has been fixed as EL 30 for a particular location. Computation of EL 30 from recording-type rainguage chart has earlier been computed by Singh et al. 34 . For the present study EI has been computed as follows EI -79 + 0.363X, where X is the rainfall (mm).
The iso-erodent map of India has been generated by Ram Babu et al. 35 and Ragunath et al. 36 by inclusion of additional rainfall data of new stations. Similarly, the R factor values at various grid points have been developed for Uttarakhand.
Erodibility factor
Soil erodibility factor (K) is defined as the rate of soil loss per erosion index unit from unit plot size 30 . It explains the rate at which different soils erode and it is different from soil erosion. The other factors like rainfall, crops grown and land use options also influence the rate of soil erosion on a given terrain. Soil parameters which influence soil erodibility include soil texture, stability of soil structure, soil permeability and infiltration, organic matter and soil mineralogy 34 . Since direct measurement of K from experimental run-off plot is expensive and time-consuming, a simple nomograph was developed by Wischmeier et al. 37 . The K factor for each grid point in Uttarakhand has been estimated using the following empirical equation
where M is the per cent silt  (100 -per cent clay), a the per cent organic matter, b the soil structure code used in soil classification, which varies from 1 to 2 in all the soils of Uttarakhand, and c is the profile permeability code, which varies from 1 to 5 in all the soils of Uttarakhand.
Topographic factor
This includes the length (L) and degree (gradient) of slope (S), which affect the rate of soil erosion by water over a landscape. Slope length (L) may be defined as the distance from the point of origin of overland flow to the point where either the slope gradient decreases such that deposition begins or the run-off water enters well-defined channels. In general, the rate of erosion increases with increasing length and gradient of slope. The greater accumulation of run-off on longer slopes of terrain increases its detachment and transport capacities 34 . L can be defined as the ratio of field soil loss to the corresponding loss from 22.13 m slope length; its value can be expressed as
where  is the field slope length (m) and m is a factor ranging from 0.2 to 0.9. The slope steepness factor S can be expressed as the ratio of soil loss from the field slope gradient to that from the 9% slope under otherwise identical conditions. Through several modifications the S factor of USLE has assumed the following form The above equation has been used in the estimation of LS factor for all the grid points in Uttarakhand.
Cover and management factor
Cover and management factor is expressed as the ratio of soil loss from land cropped under specified conditions to soil loss from clean tilled fallow on identical soil and slope under the same rainfall. It reflects the combined effect of cover, crop sequence, productivity level, length of growing period, tillage practices, residue management and the expected time distribution of erosive rainstorm with respect to seeding and harvesting date in the locality. Several workers conducted experiments on soils with various types of covers to estimate C factor 34 . In order to compute the C factor for Uttarakhand, each grid point was selected on the basis of the main crop grown in that grid point (Table 1) .
Conservation practice factor
P-factor can be expressed as the ratio of soil loss with a specific supporting practice to the corresponding loss with up and down cultivation. In order to restrict the influence of erosion because of intensive rain, the crop management practices are to be supported by different conservation practices through land management and shaping. The main conservation practices followed at each 10  10 km grid were compiled to compute the Pfactor values in the state (field bunding, contour bunding, and contour cultivation) 38 . P-factor for contour cultivation 39 was used and values were assigned at grid-point level depending upon the main conservation practices, viz. contour bunding (0.20), field bunding (0.30) and cultivated fallow (1.00).
Database
The following information was utilized for assessing soil erosion using USLE at each grid point: Grid number, location (village), area (10 km interval), rainfall (annual, mm), silt + very fine sand (%), sand (%), organic matter (%), soil structure, permeability (cm/h), slope (%), slope length (m), and land use (a) forest, (b) agriculture, (c) fallow and (d) others. 
Soil erosion map
The grid information (10  10 km) at 305 locations in Uttarakhand generated during soil resource mapping of erstwhile Uttar Pradesh by National Bureau of Soil Survey and Land Use Planning was compiled for the computation of USLE factors of R, K, LS, C and P 25 . The location number (grid number), latitude, longitude, annual rainfall (mm), silt + very fine sand (%), sand (%), organic matter (%), soil structure, permeability (cm/h), slope (%), slope length (m), land-use data, etc. were used for computing rainfall erosivity (R-factor), soil erodibility (K-factor), length and degree of slope (LS-factor), land cover (C-factor) and conservation practice (P-factor) values on a spread sheet for each grid point. In order to obtain the R-factor values at each grid point, iso-erodent map of Uttarakhand was used. The computed values of R, K, LS, C and P factors were used for generating thematic raster maps for each factor in Arc GIS environment. The average annual soil loss (t/ha) for each grid point was worked out as the product of all the parameters of USLE. The latitudes, longitudes and soil loss values were then used in GIS for generation of erosion map of the state. In addition to the soil erosion map, R, K, LS, C and P factor maps of Uttarakhand have been generated, categorized under different classes and class-wise area analysis has been carried out.
Results and discussion
Rainfall erosivity factor
Soil detachment by rainfall (raindrop splash) is usually the most noticeable activity during short-duration and highintensity thunderstorms. Although soil erosion caused by long-lasting and less-intense storms is not as noticeable as that produced during high-intensity thunderstorms, the amount of total soil loss can be significant when it is considered over time. In general, run-off can take place whenever there is excess amount of water on a slope that cannot be absorbed into the soil or trapped on the surface. Low infiltration due to soil compaction, crusting or freezing accelerates the amount of run-off over a terrain. Runoff from agricultural lands is usually higher during spring months when the soils are saturated, snow is melting and vegetative cover is minimal. It is observed that the spatial distribution of rainfall erosivity factor (R) of Uttarakhand ranges from <400 to >700, which has been sub-divided into five mapping legends having a range of classes, i.e. <400, 400-500, 500-600, 600-700 and >700 respectively ( Table 2 and Figure 2 ). 
Soil erodibility factor
Soil erodibility is usually used to estimate the ability of soils to resist erosion, based on the physical characteristics of a given soil. Soils with faster infiltration rates, higher levels of organic matter and improved soil structure generally have greater resistance to erosion. The values of K-factor have been categorized into three classes, viz. <0.05, 0.05-0.10 and >0.10. Figure 3 and Table  4 show area and spatial distribution under each class of K-factor. 
Topographic factor
The topographic factor has been computed through gradient and length of slope at each location of grid observation. In general, steeper the slope of a land greater the amount of soil loss by water. Soil erosion by water accelerates as the slope length increases due to greater accumulation of run-off. Often consolidation of small fields by removing the field bounds into larger ones results in longer slope lengths that increase the erosion potential due to increased velocity of water. The LS values were used as input file to generate topographic factor map in GIS environment 30 . These have been grouped into six classes (Table 6 and Figure 4 ). Table 7 
Cover and management factor
Potential of soil erosion usually increases if the soil has no or very little vegetative cover. Plant and residue cover significantly protect the soil from the impact of raindrops. Further, it helps to slow down the movement of surface run-off and allows excess surface water to infiltrate. The erosion-reducing capacity of plant and/or residue cover depends on the type, extent and quantity of cover. Vegetation and residue combinations completely cover the soil and act as the most efficient system in controlling soil loss. Partially incorporated residues and residual roots also help surface water to move into the soil. The C-factor values of Uttarakhand range from 0.01 to 1.0. (Table 8 and Figure 5 ). Table 9 
Soil erosion
Soil erosion due to water is a major concern in all the northern hilly states of India in general and Uttarakhand in particular. The peculiar terrain condition and high rainfall in the state pose a serious problem with regard to soil erosion. The often indiscriminate destruction of forests and woodlands leads to terrain deformation and accelerates soil erosion. 
Soil loss through water erosion
In Uttarakhand, quantitative soil loss was estimated using USLE through derived information on factors of erosivity (R), soil erodibility (K), topography (LS), cover and management (C) and conservation practice (P). Figure 6 and Table 10 show the spatial distribution of estimated soil loss in Uttarakhand. Table 11 shows the district-wise distribution of soil loss status of the state. It is observed that about 500,000 ha (9.36%) and 309,000 ha (5.78%) area is affected by very slight and slight soil loss respectively, covering mainly Pauri Garhwal, Nainital and Udham Singh Nagar districts. The moderate and moderately severe classes occur in Pauri Garhwal, Naintal, Champawat and Udham Singh Nagar districts with an area of 394,000 ha (7.37%) and 359,000 ha (6.71%) respectively. The severe and very severe erosion classes are found mainly in the districts of Dehradun, Uttarkashi, Tehri Garhwal, Rudraprayag, Chamoli and Bageshwar with an area of 473,000 ha (8.84%) and 1,750,000 ha (32.72%) respectively.
Soil loss tolerance
This is a limit which denotes the maximum level of soil erosion that will permit crop productivity to be sustained economically and indefinitely. Considerable work has been done on this aspect and tolerance limits ranging from 4.5 to 11.2 tonne ha -1 year -1 have been reported 40 . Soil loss in excess of 11.2 tonne ha -1 year -1 affects the effectiveness of water conservation structures. This stage leads to gully formation which in turn obstructs the cultural activities 34 . Analysis shows that moderate, moderately severe, severe and very severe classes cover an area of 394,000 (7.39%), 359,000 (6.71%), 473,000 (8.84%) and 1,750,000 ha (32.72%) of the state TGA and exceed the tolerance limit of 11.2 tonne ha -1 year -1 . It is also evident that surface soil is lost every year from different regions of the state leading to a huge amount of nutrient loss in a year. In terms of fertilizer loss, this accounts for a staggering loss of nutrients in a year. Hence, it is evident from the analysis that there is an urgent need to adopt appropriate soil conservation measures in Uttarakhand.
Soil and water conservation
The Himalayan region in general and Uttarakhand in particular are home to many varieties of flora and fauna, where biodiversity still continues to exist in abundance. However, this land of rich biodiversity has its problems too. Severe soil erosion is one such problem which poses a serious threat to sustainability. Moreover, the region, being one of the most hazard-prone belts in the Asian continent, is susceptible to earthquakes, landslides and floods. Under these circumstances, adoption of appropriate soil and water conservation measures is necessary to conserve biodiversity and sustainability. Conservation measures can have only a short-term impact, unless they are accompanied by objectives to tackle the underlying causes. Thus, the knowledge of the causes of soil erosion and adoption of appropriate conservation measures is essential for sustainable productivity in the state.
Causes of soil erosion
Soil erosion in Uttarakhand is both due to anthropogenic activities and natural causes, and is continuing over the years with varying intensities. Besides, anthropogenic activities like uncontrolled deforestation and unscientific landuse, including shifting cultivation have accelerated the process of soil erosion. The major causes of erosion in the state could be attributed to weak geological formation, active seismicity and deforestation. Weak geological formation and active seismicity: The geological formation of the entire northern region of India, including Uttarakhand is weak and unstable. Geotectonic movements make the land mass unstable, resulting in landslides and mass movements. The soils of this region are developed on stratified soft sedimentary and tertiary rocks, which are also susceptible to erosion. During monsoon, the incessant rains or cloud bursts make these soils malleable and easily detachable, resulting in solifluction and sheet erosion down the slopes.
Deforestation: During field survey massive deforestation activities were noticed in Uttarakhand. Incidents of widespread deforestation and mining in many parts of the state are common. Very good dense forests are being converted into poor stock, thin degraded fallow lands. Considerable areas under forest have been brought under agriculture in the recent past. Deforestation and forest degradation are the leading causes of water erosion in undulating and steep-sloping hills. The situation has been aggravated further due to high population pressure, demands for fuel and timber, etc.
Suggested conservation measures
There is need to develop site-specific strategies and resource conservation techniques to preserve soils, production potential, sustain productivity, conserve in situ rainwater, minimize soil erosion, mitigate droughts, moderate floods downstream, harvest and recycle inevitable run-off and ensure environmental security 41 .
Agronomic measures
Agronomic measures on cultivated lands are recommended in mildly sloping areas (1%-6%) with the objective of maximizing conservation of in situ rainfall for sustained and higher production. Contour farming, i.e. up and down cultivation is generally practised by farmers for the sake of convenience, which facilitates run-off water to attain higher velocity resulting in more run-off and soil erosion. Farm operations such as ploughing, seeding and interculturing along the contour lines or across the slope help in the formation of natural ridges and furrows, which act as a series of mini barriers and reservoirs to intercept rainwater reducing run-off and soil nutrient loss.
Intercropping allows canopy legumes such as groundnut, green gram, black gram, soybean and cowpea under inter-row spaces of crops like maize, sorghum and castor. It provides adequate cover on the ground and thereby reduces erosion risk apart from biological insurance to increase productivity of rainfed arable lands. Tillage makes the soil surface more permeable to infiltration of rainwater. This practice also reduces run-off, soil and nutrient losses and enhances crop yields. Conservation tillage by covering 30% of the soil surface with crop residues was found to be effective within the framework of conservation of natural resources and sustained production.
Mulching is an important agronomic practice that not only prevents soil erosion by dissipating kinetic energy of raindrops but also facilitates infiltration, reduces evaporation and improves soil structure which eventually enhance crop yield. In low-rainfall areas, mulching helps in conserving moisture in the soil profile while in high rainfall areas, it reduces run-off and soil loss, resulting in higher crop yields.
Mechanical measures
Contour bunding is one of the proven and widely used mechanical measures in soil conservation. It consists of constructing narrow trapezoidal or parabolic-shaped bunds on a gentle slope (0.5%-6.0%) and is generally recommended for low-rainfall areas (<800 mm) and relatively permeable soils. The bunds may be open-ended to slowly drain-off excess water after it infiltrates into soil or is hooked up at the ends to absorb entire impounded water into soil. The former is recommended in highrainfall areas, while the latter is more suitable in the lowrainfall regions for intercepting rainwater. Bench terracing is the most commonly used conservation measure in hill and mountainous areas for reduction of degree and length of slope, to reduce intensity of scouring action of run-off flowing down hillslopes. This practice consists of construction of step-like fields or benches along contours by cut-and-fill method to reduce the length as well as degree of slope for either impounding rainwater for cultivation or channelizing it for safe disposal. Depending upon soil, climate, topography and crop requirements, bench terraces may be of table-top or level-type, outwardly sloping or inward sloping with mild longitudinal grades for run-off disposal. Based upon land slope and width, it is recommended as minimum of 4.5 m for slopes varying from 15%-25%, and 3 m for slopes between 25%-33%.
Grassed waterways are essential on agricultural lands where a suitable natural drainage way is not available to safely drain excess run-off water. A waterway is a natural or artificially constructed channel discharging concentrated run-off from a slope, a terrace system or any other land surface safely at non-erosive velocity. An evaluation of grass species for waterways in alluvial soils of Doon valley showed that Panicum repens was the best suitable variety for waterways. Other grass varieties like Brachiaria mutica, Cynodon plectostachyus, Cynodon dactylon and Paspalum notatum were also found suitable in the Doon valley area. The suitability of grass depends on its density of cover, ease of establishment and forage yield obtained from it. Locally suitable grasses such as guinea (Panicum maximum), napier and sambuta in sub-humid lower Himalayas, khus (Vetiveria zizanioides), bhabhar and munj (Saccharum spontaneum) in Shiwalik have been found promising.
Permanent gully-control structures
Three basic types of permanent structures are employed in gully stabilization: (i) drop spillways, (ii) chute spillways and (iii) drop inlet spillways. Chute spillways are used at the gully head to convey water safely to bed. The drop spillways are used along the gully bed as gradestabilization structures for preventing gully bed and side erosion. The drop inlet structures are used at appropriate locations in the gully for storage of water, in addition to gully stabilization. Chute structures are particularly adopted for gully head control, and they could be used for drops up to 5-6 m. Drop inlet spillway is used in a gully towards downstream part for storage of water. This structure not only helps in protecting the gully, but also in water storage. The stored water could be used for irrigation or other farm activities.
Conclusion
Assessment of quantitative soil loss using USLE and GIS in Uttarakhand clearly indicates that soil erosion is a serious hazard. The present study reveals that moderate and moderately severe erosion occur in Pauri Garhwal, Nainital, Champawat and Udham Singh Nagar districts with an area of 394,000 ha (7.37% of TGA) and 359,000 ha (6.71% of TGA), respectively. However, severe and very severe erosion occurred in Dehradun, Uttarkashi, Tehri Garhwal, Rudraprayag, Chamoli and Bageshwar districts with an area of 473,000 ha (8.84% of TGA) and 1,750,000 ha (32.72% of TGA) respectively. Sheet erosion and landslides contribute substantially to soil loss resulting in the decline of productivity of agricultural land. Anthropogenic activities like indiscriminate deforestation are the leading causes of soil erosion. However, natural effects like weak geological formation, active seismisity, high rainfall, cloud burst, etc. also aggravate soil erosion. Therefore, assessment of quantitative soil loss, understanding the causes of soil erosion and adoption of conservation measures are imperative for sustained productivity and livelihood security in Uttarakhand.
